In a previous paper, polymer coating viscoelastic/plastic properties were determined using nanoindentation and the finite element method. In this work, the individual layers, once characterized, were assembled into a multi-layered structure and subject to micro-scratch tests. These tests determined a critical scratch indentation load for the layered structure, as designated by the first appearance during scratching of visible surface layer tensile cracks. Scratch tests were carried out for three different conical scratch tip radii. The top-layer tensile strength of the layered structures was then estimated, utilizing the individual layer properties, the top layer friction coefficients, the micro-scratch test critical loads, and a finite element scratch model, for each scratch tip radius. The values of the top layer scratch tensile strengths were in good agreement for each of the three tip radii, as anticipated. The top-layer scratch tensile strengths may be utilized for further analysis and comparison of differences in gloss retention after gloss reduction experiments. The method may be used as a basis for coating selection, comparison, and performance testing in scratch-resistant polymer coating applications.
INTRODUCTION
Polymer coatings are used in many industries for a wide variety of applications. The analysis of contact problems in layered solids, therefore, has both practical and analytical importance. The tribological characteristics of polymer-coated surfaces is often studied by the method of scratch testing. Single or multi-layered coating materials may reach a contact load that is defined as a "critical" value, where more significant damage occurs, such as cracking or delamination [1] .
The main objective of this work is to investigate and model the interactions that occur when hemispherically-tipped conical diamond indenters slide across multi-layered viscoelastic/plastic substrate materials. The critical load determined by micro-scratch test experiments (defined as the load where cracks are first observed in the top layer) was used as input to finite element simulations. Thus, using the material properties determined from nano-indentation experiments in conjunction with axisymmetric finite element indentation modeling, a twodimensional (2-D) finite element scratching model was developed [3] . The trailing-edge surface tensile stress developed during scratching was estimated utilizing an experimentally-determined friction coefficient from a nanoscratch test; and by scaling the three-dimensional (3-D) critical load from the micro-scratch test into a corresponding 2-D load for the scratch simulation model by matching the maximum contact pressures in 2-D and 3-D. The tensile stress was computed using three different tip radii (corresponding to three different micro-scratch test critical loads), and an average value was computed. Since this average tensile stress is computed using the load at failure (cracking), it may be regarded as an insitu estimate of the top layer scratch (tensile) "strength".
NANO-SCRATCH TESTING
The test specimen is a multi-layered structure consisting of a top layer, which is an organic-inorganic composite sprayapplied and thermally cured to a final thickness of approximately 25 microns. The second layer, fabricated by a curtain coating process, is a polyester-based material. The third and fourth layers are rigid and highly-filled PVC, respectively.
The friction coefficient is defined as the ratio between the tangential and normal loads. When normal loads are high enough to cause significant plastic deformation, the calculated friction coefficient may be overestimated. A Hysitron Triboindenter™ nano-mechanical test system was used to measure the friction coefficient. This test system was equipped with a 100 micron radius spherical diamond indenter to minimize plastic deformation and determine a Coulomb friction coefficient (≈ 0.26) under nominally elastic contact conditions. This value was later used as an input for the finite element scratching simulations. 
MICRO-SCRATCH TESTING
Micro-scratch tests were performed utilizing a customdesigned test device. Experiments were performed by loading a 90° diamond indenter normal to the specimen surface, then maintaining the normal load constant or increasing (ramping) the load (under closed-loop feedback control) while translating the layered specimen at a specified speed, with the acting normal and tangential forces measured during testing. In this process, both forces were sampled and stored as a function of scratch position. The ramp load experiment was useful for accelerating the process of determining the approximate critical load values, while the constant load experiment was used to provide a more accurate critical load value. For each structure, three different indenter tip radii were used: 60, 80, and 100 µm. Figure 1 shows a series of four optical photomicrographs of constant load test results with a 100 µm radius indenter. The scratch direction is from left to right. Although permanent deformation can be seen in the 0.8 N test result, micro-cracking of the top layer did not occur for loads less than 0.8 N. The photomicrographs illustrate that cracking initiates at approximately 1.2 N normal load, and further increase in load enhances cracks and/or deformation. Ollivier and Matthews [1] defined the critical load as the load at which tensile cracks occurred in the coating homogeneously along the scratch. Since this study stemmed from issues related to gloss retention of polymer coating materials, the critical load criteria defined by Ollivier and Matthews was employed.
Figure 2. Flowchart for 2-D, 3-D critical load scaling and tensile stress determination.

CORRELATION BETWEEN FINITE ELEMENT AND SCRATCH TEST RESULTS
The scratching model is highly non-linear, so the multipurpose finite element code ABAQUS™ was used. In order to characterize polymer material behavior as more than simply an elastic solid, a unified viscoelastic/plastic constitutive equation having five unknown material constants was implemented in an ABAQUS™ user-defined subroutine [2] . The five material properties of each layer were then used as input to the finite element scratching simulations. The scratching process of a spherical indenter with sliding is most accurately handled with 3-D models. However, due to computational limitations, a 2-D finite element analysis was performed under plane strain conditions. To scale the critical load obtained from the 3-D micro-scratch test into the applied load for the 2-D finite element scratching model, an iterative procedure was adopted. Based on the knowledge that tensile stress at the trailing edge in elastic contact is influenced mainly by friction coefficient and maximum normal pressure, the maximum pressures obtained from the axisymmetric and plain strain simulations were matched by the iterative process shown in Figure 2 .
Using the equivalent 2-D critical loads from the experimental micro-scratch tests for the three different tip radii, and the friction coefficient obtained from the experimental nano-scratch test, the maximum tensile stress in the top layer at the trailing edge of contact was obtained from the finite element scratching model for the three different indenter tip radii. This maximum tensile stress is believed to cause the Same?
Carry out sliding contact simulation No tensile (or "ring") cracks emanating from the center of the contact at a 45° angle in the direction of sliding. A sample distribution of the top layer tensile stress, σ xx , in the contact region, along with the normal pressure, from the 2-D scratch simulation, may be seen in Figure 3 for a multilayered structure having a lower scratch tensile strength than the structure noted in Table 1 . Note the characteristic spike in the trailing edge tensile stress due to friction, and the compressive stress near the leading edge. Note also the flattening of the contact pressure distribution (as opposed to the more common Hertzian parabola) and the small spike in pressure near the leading edge due to viscoplastic effects.
CONCLUSIONS
This analysis demonstrates that the in-situ surface scratch tensile strength of layered materials, which is equated with the maximum tensile stress at failure, may be estimated utilizing an experimentally-determined friction coefficient, experimentallydetermined critical load, and an advanced visco-elastic/plastic constitutive model for determining material properties. This strength value may be viewed as a material/mechanical performance parameter for particular materials, layered structures, and/or processing methods.
Future work includes the development of an advanced 3-D PC-based FE scratching software code (eliminating the need for the commercial ABAQUS solver), which also eliminates the iterative steps shown in Figure 2 , since the actual (non-scaled) critical load is used as the input to the scratching simulation. This code will be capable of modeling multi-layered structures incorporating the aforementioned visco-elastic/plastic constitutive behavior.
